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(57) ABSTRACT

Methods, systems, and media for determining whether a
signal of interest is present are provided, in some embodi-
ments, a system for determining whether a signal of interest
is present is provided, the system comprising: at least one
hardware processor that is configured to: receive at least one
bit value containing information about whether the signal of
interest is present from at least one transmitter, wherein the
at least one bit value is transmitted from the at least one
transmitter at a set of random time instances, and wherein
the at least, one bit value is calculated without performing
quantization; calculate a combined log-likelihood ratio
based at least in part on the at least one bit value; and
determine whether the signal of interest is present based at
least in part on the combined log-likelihood ratio.
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METHODS, SYSTEMS, AND MEDIA FOR
DETERMINING WHETHER A SIGNAL OF
INTEREST IS PRESENT

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/608,489, filed Mar. 8, 2012,
which is hereby incorporated by reference herein in its
entirety.

TECHNICAL FIELD

Methods, systems, and media for determining whether a
signal of interest is present are provided.

BACKGROUND

To cope with the increasing shortage in frequency spec-
trum due to the proliferation of wireless services, cognitive
radio has been considered as an attractive technique to
improve spectrum utilization for future wireless systems. In
cognitive radio networks, primary users may have priority in
using a given radio channel. Secondary users can access a
ratio channel in such a way that they cause little performance
degradation to the primary users. Therefore, secondary users
need to decide the presence or absence of a primary user.
Previous attempts at detecting the usage of a channel by one
or more primary users have had limited performance, espe-
cially in low bandwidth contexts.

SUMMARY

Methods, systems, and media for determining whether a
signal of interest is present are provided.

In accordance with some embodiments of the disclosed
subject matter, systems for determining whether a signal of
interest is present are provided, the systems comprising: at
least one hardware processor that is configured to: receive at
least one bit value containing information about whether the
signal of interest is present from at least one transmitter,
wherein the at least one bit value is transmitted from the at
least one transmitter at a set of random time instances, and
wherein the at least one bit value is calculated without
performing quantization; calculate a combined log-likeli-
hood ratio based at least in part on the at least one bit value;
and determine whether the signal of interest is present based
at least in part on the combined log-likelihood ratio.

In accordance with some embodiments of the disclosed
subject matter, methods for determining whether a signal of
interest is present are provided, the methods comprising:
receiving, using a hardware processor, at least one bit value
containing information about whether the signal of interest
is present from at least one transmitter, wherein the at least
one bit value is transmitted from the at least one transmitter
at a set of random time instances, and wherein the at least
one bit value is calculated without performing quantization;
calculating, using the hardware processor, a combined log-
likelihood ratio based at least in part on the at least one bit
value; and determining, using the hardware processor,
whether the signal of interest is present based at least in part
on the combined log-likelihood ratio.

In accordance with some embodiments of the disclosed
subject matter, non-transitory computer-readable media con-
taining computer-executable instructions that, when
executed by a processor, cause the processor to perform a
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method for determining whether a signal of interest is
present are provided, the method comprising: receiving,
using a hardware processor, at least one bit value containing
information about whether the signal of interest is present
from at least one transmitter, wherein the at least one bit
value is transmitted from the at least one transmitter at a set
of random time instances, and wherein the at least one bit
value is calculated without performing quantization; calcu-
lating, using the hardware processor, a combined log-like-
lihood ratio based at least in part on the at least one bit value;
and determining, using the hardware processor, whether the
signal of interest is present based at least in part on the
combined log-likelihood ratio.

BRIEF DESCRIPTION OF THE DRAWINGS

Various objects, features, and advantages of the disclosed
subject matter can be more fully appreciated with reference
to the following detailed description of the disclosed subject
matter when considered in connection with the following
drawings, in which like reference numerals identify like
elements.

FIG. 1 is a generalized schematic diagram of an example
of a distributed system in accordance with some embodi-
ments of the disclosed subject matter.

FIG. 2 is a generalized schematic diagram of an example
of a secondary user in accordance with some embodiments
of the disclosed subject matter.

FIG. 3 is a generalized schematic diagram of an example
of a fusion center in accordance with some embodiments of
the disclosed subject matter.

FIG. 4 is a flow chart of an example of a process for
detecting a signal of interest at a secondary user using a
level-triggered sequential probability ratio test in accor-
dance with some embodiments of the disclosed subject
matter.

FIG. 5 is a flow chart of an example of a process for
detecting a signal of interest at a fusion center using a
level-triggered sequential probability ratio test in accor-
dance with some embodiments of the disclosed subject
matter.

FIG. 6 is a flow chart of an example of a process for
detecting a signal of interest at a secondary user using a
randomized level-triggered sequential probability ratio test
in accordance with some embodiments of the disclosed
subject matter.

FIG. 7 is a flow chart of an example of a process for
detecting a signal of interest at a fusion center using a
randomized level-triggered sequential probability ratio test
in accordance with some embodiments of the disclosed
subject matter.

DETAILED DESCRIPTION

In accordance with various embodiments, as described in
more detail below, mechanisms for determining whether a
signal of interest is present are provided. Such mechanisms
can be used to determine the presence of a signal of a
primary user by a secondary user in some embodiments.

In some embodiments, the presence of a signal of interest
can be determined based on local observations made by one
or more secondary users. For example, a secondary user can
observe a signal containing information about the presence
of the signal of interest. The secondary user can then
transmit its observations to a fusion center. The fusion center
can receive local observations from multiple secondary
users synchronously or asynchronously. The fusion center
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can determine the presence or absence of the signal of
interest based on the local observations. For example, the
fusion center can make the determination by performing a
binary hypothesis test. In a more particular example, the
fusion center can solve a binary hypothesis test by waiting
for and analyzing a fixed number of samples received from
the secondary users. In another more particular example, the
fusion center can solve a binary hypothesis test using a
sequential test by analyzing the received observations
sequentially as they arrive at the fusion center. More par-
ticularly, for example, the fusion center can make the
determination using a sequential probability ratio test
(SPRT).

In some embodiments, a secondary user can process the
observed signal and determine the presence of a signal of
interest based on the processing of the observed signal. The
secondary user can also generate local sensing information
which can indicate the presence or absence of a signal of
interest. For example, a secondary user can make a local
decision regarding the existence of the signal of interest
based on the observed signal. The secondary user can
encode the local decision result using one or multiple bits.
As another example, a secondary user can generate local
statistics based on the observed signal. In some embodi-
ments, a secondary user can share its local sensing infor-
mation with other secondary users.

In some embodiments, a secondary user can transmit the
local sensing information to a fusion center. For example, a
secondary user can transmit the local sensing information to
the fusion center at a sequence of predetermined time
instances. Alternatively or additionally, the secondary user
can transmit the local sensing information to the fusion
center at a sequence of random time instances. For example,
the secondary user can transmit the local sensing informa-
tion when a predetermined event occurs. More particularly,
for example, the secondary user can make a local decision
and transmit the local sensing information based on a SPRT.
The fusion center can receive local sensing information from
one or more secondary users asynchronously. The fusion
center can then make a combined decision about the pres-
ence or absence of the signal of interest based on the local
sensing information. For example, the fusion center can
make a combined decision based on a SPRT.

Turning to FIG. 1, a generalized schematic diagram of an
example of a distributed system 100 in accordance with
some embodiments of the disclosed subject matter is shown.
As illustrated, system 100 may include one or more primary
users 110, one or more secondary users 120, and fusion
center 130.

Primary user(s) 110 can provide a signal of interest. For
example, primary user(s) 110 can include one or more radio
sources that can provide signals containing spectrum usage
information. More particularly, for example, primary user(s)
110 can include one or more primary transceivers that have
priority in using a given radio channel. As another example,
primary user(s) 110 can provide a signal indicating the
existence of a target, a hazardous substance, a fire, air
pollution, etc.

Secondary users 120 can include any suitable number of
secondary users. For example, secondary users 120 can
include K secondary users 120_1 to 120_K. In some
embodiments, secondary users 120 can be randomly distrib-
uted within the coverage radius of fusion center 130. A
secondary user can receive a signal containing information
about the presence of a signal of interest. For example, a
secondary user can receive a signal containing information
about whether a primary transceiver is transmitting on a
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given channel. As another example, a secondary user can
receive a signal containing information about the existence
of a target, a hazardous substance, a fire, air pollution, etc.

A secondary user can also process the received signal and
generate local sensing information which can indicate the
presence or absence of a signal of interest. For example, a
secondary user can make a local decision regarding the
existence of the signal of interest and encode the decision
result using one or multiple bits. As another example, a
secondary user can generate local statistics based on the
received signal. In some embodiments, multiple secondary
users can observe the presence or absence of a signal of
interest simultaneously and transmit the local sensing infor-
mation to a fusion center synchronously or asynchronously.

Fusion center 130 can receive local observations or local
sensing information from one or more secondary users.
Fusion center 130 can make a combined decision on the
existence of the signal of interest based on the local sensing
information received from one or more secondary users. For
example, fusion center 130 can make a combined decision
based on a binary hypothesis test. In a more particular
example, fusion center 130 can solve a binary hypothesis
test by waiting for and analyzing a fixed number of samples
of local sensing information received from the secondary
users. In another more particular example, fusion center 130
can solve a binary hypothesis test using a sequential test by
analyzing the samples of local sensing information sequen-
tially as they arrive at the fusion center. More particular, for
example, fusion center 130 can make the determination
using a SPRT.

Turning to FIG. 2, a generalized schematic diagram of an
example of a secondary user 200 in accordance with some
embodiments of the disclosed subject matter is shown. As
illustrated, secondary user 200 can include one or more
antennas 210, a transceiver 220, a hardware processor 230,
and/or any other suitable components. In some embodi-
ments, transceiver 220 can receive a signal containing
information on the existence of a signal of interest through
antennas 210. The transceiver 220 can provide the received
signal to hardware processor 230. The hardware processor
230 can then process the received signal and generate local
sensing information. The hardware processor 230 can also
provide the local sensing information to transceiver 220.
Transceiver 220 can transmit the local sensing information
to other secondary users and fusion center 130 through
antennas 210.

Turning to FIG. 3, a generalized schematic diagram of an
example of a fusion center 300 in accordance with some
embodiments of the disclosed subject matter is shown. As
illustrated, fusion center 300 can include one or more
antennas 310, a transceiver 320, a hardware processor 330,
and/or any other suitable components. In some embodi-
ments, transceiver 320 can receive local sensing information
from one or more secondary users through antennas 310.
Alternatively or additionally, transceiver 320 can receive
local observations from one or more secondary users
through antennas 310. Transceiver 320 can provide hard-
ware processor 330 with the local sensing information and
local observations. Hardware processor 330 can make a
combined decision regarding the existence of a signal of
interest based on the local sensing information and local
observations. Hardware processor 330 can also provide the
combined decision result to transceiver 320. Transceiver 320
can then transmit the combined decision result to some or all
of the secondary users through antennas 310.

In some embodiments, secondary user 200 and fusion
center 300 can be implemented in any suitable devices. For
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example, they can be implemented in mobile computers,
mobile telephones, mobile access cards, wireless routers,
wireless access point and/or other suitable wireless device.
In some embodiments, secondary user 200 and fusion center
300 can be used in any suitable sensor networks, such as
cognitive radio networks, wireless communication net-
works, surveillance systems, radar systems, industrial qual-
ity control systems, robot networks, etc.

Each of transceivers 220 and 320 can include both a
receiver and a transmitter in some embodiments. In some
embodiments, each transceiver can include one or more
multi-input multi-output (MIMO) transceivers where each
includes multiple antennas (e.g., such as two transmit anten-
nas and four receive antennas (some of which may also be
transmit antennas)).

Each of hardware processors 230 and 330 can include any
suitable hardware processor, such as a microprocessor, a
micro-controller, digital signal processor, dedicated logic,
and/or any other suitable circuitry.

Turning back to FIG. 1, in accordance with some embodi-
ments, system 100 can be a cognitive radio system. Primary
user(s) 110 can include one or more primary transceivers
that have priority in using a given radio channel. Secondary
users 120 can include one or more secondary transceivers
that can use a radio channel if no primary transceiver is
transmitting on the channel. For example, a secondary
transceiver can determine that it should not use a radio
channel when a primary transceiver is transmitting on the
radio channel. Alternatively, a secondary transceiver can
determine that it can use a radio channel if doing so would
not interfere with the transmission of a primary transceiver.

In some embodiments, each of the K secondary users can
receive a signal which can contain information about
whether a primary transceiver is transmitting on a given
radio channel. The secondary users can process the received
signals and generate local sensing information based on the
received signals. The secondary users can then transmit the
local sensing information to fusion center 130.

Fusion center 130 can receive the local sensing informa-
tion from one or more secondary users. Fusion center 130
can determine whether a primary transceiver is transmitting
on a given radio channel based on the local sensing infor-
mation. For example, fusion center 130 can determine
whether a primary user is transmitting on a given channel by
testing for the truth of two hypotheses H, and H,. In a more
particular example, fusion center 130 can accept hypothesis
H, when it determines that a primary transceiver is not
transmitting on the given channel. Alternatively, fusion
center 130 can reject hypothesis H, and accept hypothesis
H, when it determines that a primary transceiver is trans-
mitting on the given channel. In some embodiments, when
fusion center 130 receives local sensing information from
one or more secondary users, it can stop receiving local
sensing information from the secondary users and decide
between two hypotheses H, and H,. Alternatively, fusion
center 130 can postpone the decision and receive more local
sensing information from one or more secondary users.

In some embodiments, fusion center 130 can process the
local sensing information received from multiple secondary
users sequentially to make the hypothesis selection. Alter-
natively or additionally, fusion center 130 can wait until a
predetermined number of samples of local sensing informa-
tion before making the hypothesis selection.

In some embodiments, a secondary user can receive a
signal containing information about whether a primary user
is transmitting on a given radio channel through antennas
210 and transceiver 220. For example, a secondary user can
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receive a sampled discrete-time signal, such as a Nyquist-
rate sampled discrete-time signal. More particularly, for
example, at time t, the kth secondary user can observe a
Nyquist-rate sampled discrete-time signal {y}, k&(0, KJ.
In some embodiments, the sampled signals observed by
secondary users 120_1 to 120_K can be independent. In
some embodiments, the determination of whether a primary
user is transmitting on a given radio channel can be made by
performing the following binary hypothesis test:

Ho-'{)’llxK- A I’;folil{K)’lz ----- VOIS
{yl ----- e }’“fo

ey
where ~ denotes “distributed according to” and f,* and f,*
are the joint probability density functions of the signal
received by the kth secondary user under hypotheses H,, and
H,, respectively.

After receiving the sampled signal, a secondary user can
process the received sampled signal and compute a local
cumulative log-likelihood ratio (LLR) L * using the follow-
ing equation:

SOk D @)

It élogi
UUROh

¥

Alternatively or additionally, a secondary user can com-
pute a local cumulative LLR recursively. For example, at
time instant t, a secondary user can observe signal y,* which
can give rise to an LLR increment 1*. The secondary user
can then compute a local cumulative LLR recursively based
on the LLR increment. More particularly, for example, a
secondary user can compute a local cumulative LLR using
the following equation:

LF=L, F+f=2, 1 F, 3

where 1% can be defined as

AR ) )

Aol LI e 2 el
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In equation (4), £* (v1y,%, . . ., v,.,*) denotes the conditional
probability density fanction of y* given the past local signal
samples under hypothesis H,.

In some embodiments, the samples of the received signal
in each secondary user can be independent and identically
distributed (i.i.d.). In that case, a secondary user can com-
pute an LLR increment 1* based on the following equation:

AoH ®)

i log s
' o5

where f* represents the probability density function of a
signal sample in the kth secondary user under hypothesis H,.

Whether a primary user is transmitting on a channel can
be determined in any suitable manner. For example, in some
embodiments, mathematical models of sampled signals from
a channel when a transmitter is present and when a trans-
mitter is not present can be formed, and those models used
to perform analysis on a channel under test.
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In some embodiments, when a primary user is transmit-
ting on a given channel, secondary user 200 can receive a
signal y/=x/+w}, where x is the received primary user
signal and w/~N_(0, 0,?) is the additive white Gaussian
noise. The received signal-to-noise ratio (SNR) at the sec-
ondary user can be

E[lxi1]

a2 /2"

[
= 7", where 6, 4

The determination of whether a primary user is transmit-
ting on a given channel can be performed by testing for the
truth of two hypotheses:

Howyl~xy
Hyyl~x7(8y), 6
where X, denotes a central chi-squared distribution with
two degrees of freedom, x,%(0,) denotes a non-central
chi-squared distribution with two degrees of freedom and
noncentrality parameter 0,, and

A secondary user can compute an LLR increment 1% using
the probability density functions of central and non-central
chi-squared distributions. More particularly, for example, a
secondary user can calculate an LLR increment using the
following equation:

o

3 )
L (_Y_fk]
Pt )

where 1,(x) is the modified Bessel function of the first kind
and 0% order.

In some embodiments, a secondary user can determinate
whether a primary user is transmitting on a given channel
based on a hypothesis testing formulation that includes
discriminating between the channel’s white Gaussian noise
and the correlated primary user signal. The spectral shape of
the primary user signal can be determined in advance using
any suitable technique. This spectral shape can be approxi-
mated by a p-th order auto-regressive (AR) model.

In a more particular example, the secondary user can
determine whether the primary user is transmitting on a
given channel based on the following hypothesis testing
formulation:

lexp(— 7/; o ]lo( Oyt )

¥ =log

= loglo(V 074 )—%k.

2
Hyy/=w,

ks P Fy ok
Hl'yt 721':1 AYei TVes

®)

where {w/} and {v/} are independent and identically
distributed sequences with w,~N_(0, o,?) and v, ~N (0,
0,%), and where a, . . ., a,, are the AR model coeflicients.
The secondary user can compute a local LLR increment 1
corresponding to the signal y,* observed at time t using the
Gaussian probability density function. More particularly, for
example, a secondary user can calculate an LLR increment
using the following function:
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In some embodiments, a secondary user can receive a
signal y,/=h/s+w/, where h/~N_(0, p,?) is the fading
channel response between the primary user and the second-
ary user, s, is the digitally modulated signal of the primary
user drawn from a certain modulation, with E[ls,*]=1, and
w/F~N (0, 0,?) is the additive white Gaussian noise. The
secondary user can then determine whether a primary user is
transmitting on a given channel based on a hypothesis
testing between two Gaussian signals. In a more particular
example, under both fast fading and slow fading conditions,
a secondary user can determine whether a primary user is
transmitting on a given channel based on the following
hypothesis test:

Hoy/~N,(0.0,7),

H oy ~NA0,p740,,7). (10)

The secondary user can also compute the local LLR
increment 1% corresponding to the observed signal y/* using
the Gaussian probability density function. For example, the
secondary user can compute a local LLR increment using
the following equation:

fFoh an

foh ~

A
I = log

2
L e ]
mlpL+on) T\ pf o 2

2
L 1%
o2, P o2

After computing a local cumulative LLR as described
above, a secondary user can transmit the local cumulative
LLR to fusion center 130. In some embodiments, a second-
ary user can transmit multiple local cumulative LLRs to the
center unit at the Nyquist-rate of the signal through trans-
ceiver 220 and antennas 210. Fusion center 130 can receive
local cumulative LLRs from one or more secondary users
through antennas 310 and transceiver 320. More particu-
larly, for example, fusion center 130 can receive local
cumulative LLRs from secondary users 120_1 to 120_K
synchronously or asynchronously.

The fusion center can also compute a combined cumula-
tive LLR based on the local cumulative LLRs received from
one or more secondary users. For example, the fusion center
can compute a combined cumulative LLR using the follow-
ing equation:

o
oL +02)

2
log A +1

Og—w
5 .
pit+ ol

LtZEIFlKLtk 12)

where L denotes the local cumulative LLR of the sampled
signal received from the kth secondary user at time instant
t.

Fusion center 130 can determine whether it should decide
between two hypotheses H, and H; based on the combined
cumulative LLR or postpone the decision and receive more



US 9,479,372 B2

9

local cumulative LLRs from one or more secondary users
120. For example, fusion center 130 can make the determi-
nation based on a sequential test consisting of a pair (T, 6;),
where T is a stopping time when fusion center 130 stops
receiving more local sensing information from secondary
users 120 and 8, is a selection rule that selects one of the two
hypotheses based on the information available up to the time
instant T. In a more particular example, fusion center 130
can make the determination by minimizing the decision time
T, that is,

ming s, Eof/7],and/or mings £, (T]. (13)

Alternatively or additionally, fusion center 130 can make
the hypothesis selection by solving suitable constraints on
the Type-I and Type-II error probabilities, namely

Py(d,=1)=a and P, (5,=0)=p, (14)

where P,(¢) and E,[*] (i=0, 1) denote probability and the
corresponding expectation under hypothesis i; and levels o,
PE(O, 1) are parameters specified by the designer. It should
be noted that a and [ can have any suitable values. For
example, the value of a and the value of § can be within the
interval [107", 107'°]. More particularly, for example, the
value of o and the value of B can be equal to 107°.

In some embodiments, fusion center 130 can make the
hypothesis decision by minimizing in equation (13) each
E,[T] (i=0, 1) over the pairs (T, 8,) that satisfy the two
constraints provided in (14). For example, fusion center 130
can solve the constrained optimization problems defined in
(13) and (14) simultaneously. More particularly, for
example, fusion center 130 can decide between two hypoth-
eses H, and H, based on the combined cumulative LLR L,
or postpone the decision and receive more local sensing
information from secondary users 120 using a Sequential
Probability Ratio Test (SPRT). In some embodiments, the
SPRT can include a pair (S, d5), which can be defined as
follows:

1, if L = A,
0, if Ls < B,

(15)
S=inflt>0:L & (B, A)}; 05 = {

where A, B>0. In some embodiments, the two thresholds A
and -B can be selected through simulations so that the SPRT
satisfies the two constraints defined in (14). Alternatively or
additionally, thresholds A and -B can be selected through
simulations based on a suitable randomized test that can
meet the two constraints in (14) without taking any samples
(i.e., delay equal to 0). In some embodiments, these simu-
lations to find proper values for A, —-B can be performed
once offline (e.g., before the sensing scheme starts, for each
sensing environment). At time instant t, fusion center 130
can compare the combined cumulative LLR L, with two
thresholds —B and A and determine whether L, is within the
interval (-B, A). In response to determining that L, is within
the interval (-B, A), the fusion center can receive more local
sensing information from secondary users 120 and update L,
using equation (12). Alternatively, in response to determin-
ing that L, is not within the interval (-B, A), fusion center
130 can stop accepting more local sensing information from
secondary users 120 and decide between two hypotheses H,,
and H; based on equation (15). More particularly, for
example, at time instant S, fusion center 130 can determine
that the combined cumulative LLR Lg is not within the
interval (=B, A). Fusion center 130 can then accept hypoth-
esis H, and determine that a primary user is not transmitting
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on the given channel if Lg is less than or equal to -B.
Alternatively, the fusion center can accept then hypothesis
H; and determine that a primary user is transmitting on the
given channel if L; is greater than or equal to A.

As described above, a secondary user can transmit the
local sensing information to fusion center 130 at the
Nyquist-rate of the signal. In accordance with some embodi-
ments, a secondary user can also transmit the local sensing
information to fusion center 130 at a lower rate. For
example, a secondary user can produce a local cumulative
LLR process {L}. The secondary user can uniformly
sample the process {I.} at a predetermined period. As
another example, a secondary user can sample the process
{L/} at a series of random times. More particularly, for
example, a secondary user can sample the process {L/}
when L/ is greater than a predetermined threshold.

In some embodiments, a secondary user can transmit its
local cumulative LLR at time instants T, 2T, . . . ,
mT, ..., where the period TEN. The secondary user can also
quantize the local cumulative LILRs using a finite number of
quantization levels. More particularly, for example, during
time instances (m-1)T+1, . . ., mT, a secondary user can
compute an incremental LLR corresponding to the obser-
vations y,,. 1)T+1k, ..., Y., using the following equation:

(16)

where 1F is the local LLR increment corresponding to
observation y/ as defined in equation (4).

The secondary user can then quantize the incremental
LLR A,,,* using a finite number ¥ of quantization levels. For
example, the secondary user can perform uniform quanti-
zation on the incremental LLR A, ,*. In a more particular
example, it can be assumed that the LL.Rs of all observations
are uniformly bounded by a finite constant ® across time and
across all the secondary users, i.e.,

J XN I3 [ Tk
Mt = Lot =L 1yT =Zmme-vyret” b »

max, |1F1<®<c. (17)

Using equations (16) and (17), the secondary user can
conclude that [A,,,,*I<T®. The secondary user can divide the
interval (-T®, T®) uniformly into ¥ subintervals and assign
the mid-value of each subinterval as the quantized value
corresponding to the incremental LLR A,,,*. For example,
the secondary user can calculate a quantized value A,,,*
corresponding to the incremental LLR A, ,* using the fol-

lowing equation:

k T® (18

- 2T®
Apr =-TO +

7

Hyr + T0)
279

In some embodiments, the quantization error satisfies the
following constraint:

P T < - 1
-

In accordance with some embodiments, the secondary
user can transmit the value of A, to fusion center 130.
Alternatively or additionally, the secondary user can trans-
mit to fusion center 130 the index of A, that can be
encoded with log, T bits.

Fusion center 130 can receive quantization information
including the quantized incremental LLRs from K secondary
users, synchronously. Fusion center 130 can calculate a
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combined running LLR based on the quantized information.
For example, fusion center 130 can calculate a combined
running LLR using the following equation:

i’mT:i’(m—l)T"ElFlK;\‘m 7~ (20)

Fusion center 130 can also determine whether it should
decide between two hypotheses H, and H, based on the
combined running LLLR or take more local sensing informa-
tion from the secondary users and update the combined
running LLR. For example, fusion center 130 can make the
determination using a sequential test. In a more particular

example, the sequential test can include a pair (8, 85), which
can be defined as:

N B R 1, if L,
S:TM;M:inf{m>0:LmTe(—B,A)};5S:{ ‘ s

where A, A>0. In accordance with some embodiments,
thresholds A and A can be selected through simulations so
that the sequential test satisfies the two constrains defined in
(14). At time instant t, fusion center 130 can compare the
combined running LLR with two thresholds -B and A and
determine whether the combined running LR is within the
interval (-B,A). In response to determining that the com-
bined running LLR is within the interval (-B,A), the fusion
center can receive more local sensing information from
secondary users 120 and update the combined running LLR
using equation (20). Alternatively, in response to determin-
ing that the combined running LLR is not within (-B,A), the
fusion center can stop accepting new local sensing informa-
tion from the secondary users and decide between two
hypotheses H, and H, based on equation (21). For example,
at time instant M, the center unit can determine that the
combined cumulative LLR is not within (-3,A). The fusion
center can then accept hypothesis H, and determine that a
primary user is not transmitting on the given channel if the
combined running LLR is less than or equal to —. Alter-
natively, the fusion center can then accept hypothesis H, and
determine that a primary user is transmitting on the given
channel if the combined running LLLR is greater than or
equal to A.

Turning to FIG. 4, a flow chart of an example of a process
for detecting a signal of interest using a level-triggered
sequential probability ratio test in accordance with some
embodiments of the disclosed subject matter is illustrated. In
some embodiments, process 400 can be implemented by a
secondary user as illustrated in FIGS. 1 and 2.

As shown, process 400 can begin by receiving a signal
which contains information about the presence of a signal of
interest at 410. For example, at time t, secondary user 200
can observe a signal {y*}, where k denotes the index of the
secondary user. More particularly, for example, secondary
user 200 can receive a sampled signal through antennas 210
and transceiver 220. In some embodiments, signal {y} can
be described using mathematical models as described above
in connection with equations (6)-(11).

At 420, secondary user 200 can calculate local cumulative
LLRs corresponding to signal {y,*}. For example, at time
instant t,,, secondary user 200 can observe signal y, “ through
antennas 210 and transceiver 220. Hardware proc'éssor 230
can calculate a local cumulative LLR L, * corresponding to
observation y,*. More particularly, for Z:xample, hardware
processor 230 can calculate a local cumulative LLR based
on an LLR increment 1% as described above in connection
with equations (3)-(11).
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At 430, secondary user 200 can calculate a local incre-
mental LLR corresponding to signal {y}. For example, at
time instant t,, hardware processor 230 can calculate an
incremental LLR A, using the following equation:

X% k| k
MEEL L, K

22

In a more particular example, hardware processor 230 can
calculate an incremental LLR based on an LLR increment.
In some embodiments, hardware processor 230 can calculate
an LLR increment as described above in connection with
equations (3)-(11). More particularly, for example, hardware
processor 230 can calculate A,* using the following equa-
tion:

== qk
J=tn1+l G

=L F-L (23)

n-1

Next, at 440, secondary user 200 can determine whether
A~ is within the interval (-A, A). For example, hardware
processor 230 can compare incremental LLR A with
thresholds —A and A and determine whether A,* is between
the two thresholds. In response to determining that A, is
within the interval (-A, A), hardware processor 230 can
increment the time index n at 450, and then process 400 can
loop back to 410 so that secondary user 200 can receive new
observations through antennas 210 and transceiver 220.

Alternatively, in response to determining that A, is not
within the interval (-A, A), secondary user 200 can calculate
a bit value which can represent whether the incremental
LLR A, crosses the upper threshold A or the lower threshold
-A. For example, hardware processor 230 can calculate a bit
value b,* based on comparison of A,,* and thresholds —A and
A. More particularly, for example, b, can be equal to 1 when
hardware processor 230 determines that A,* is equal to or
greater than the upper threshold A. Alternatively, b,* can be
equal to —1 when hardware processor 230 determines that
2,F is equal to or less than the lower threshold —A.

As another example, the bit value b, can be a sign value.
More particularly, for example, hardware processor 230 can
calculate a bit value b,* using the following equation:

b, F=sign(,*), (24

where A% is the incremental LLR defined in equation (22).
Equation (24) can result in b,* being equal to 1 if A, * is
greater than zero, and being equal to -1 if A, is less than
Zero.

Secondary user 200 can then transmit b, *, to fusion center
130. For example, secondary user 200 can transmit a
sequence of bits {b,*} at a sequence of random times {t,*}.
More particularly, for example, the sequence of random
times {t,*} can be defined as follows:

tr=inf{e>t, *oL =L, FE(-AA)}1"=0,L5"=0. (25)

In some embodiments, parameter A can be selected to
control the average sampling periods E,[t *~t, *], i=0, 1. In
some embodiments, the two average periods E, and E, can
coincide to a predetermined value T. For example, in accor-
dance with some embodiments, the LLLR corresponding to
each observation can be substantially symmetric around its
mean under the two hypotheses. As a result, the two average
periods under the two hypotheses can be substantially the
same.

As described above in connection with equation (23),
Ltk—I{tn,lk:Zj:tn,l+1tljk~ Apcordingly, in some embodiments,
equation (25) can rewritten as:

lnk:inf{l>lnflk:2j:tn,1+ltzjk¢(_A>A)}'

Next, at 470, secondary user 200 can determine whether
a combined decision has been received from fusion center
130. In response to determining that a combined decision

26)
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has not been received from fusion center 130, secondary
user 200 can perform step 450 and increment the time index
n and loop back to 410. Alternatively, in response to deter-
mining that a decision result has been received from fusion
center 130, process 400 can end at 480.

It should be understood that some of the above steps of the
flow diagram of FIG. 4 can be executed or performed in an
order or sequence other than the order and sequence shown
and described in the figure. Also some of the above steps of
the flow diagram of FIG. 4 may be executed or performed
well in advance of other steps, or may be executed or
performed substantially simultaneously or in parallel to
reduce latency and processing times.

Turning to FIG. 5, a flow chart of an example of a process
for determining the presence of a signal of interest using a
level-triggered sequential probability ratio test (SPRT) in
accordance with some embodiments is shown. In some
embodiments, process 500 can be implemented by a fusion
center as illustrated in FIGS. 1 and 3.

As shown, process 500 can begin by receiving bit streams
{b,*}, from one or more secondary users at 510. For
example, fusion center 300 can asynchronously receive bit
streams {b,*}, from multiple secondary users through anten-
nas 310 and transceiver 320.

Next, at 520, fusion center 300 can calculate a combined
running LLR. For example, hardware processor 330 can
calculate a combined running LR by adding all the bits
received from all the secondary users up to time t and
normalizing the result with A. More particularly, for
example, fusion center 300 can approximate the local incre-
mental LLR A,* at time instants {t *} using the following
equation:

AF=b,"A. 27

Using equation (15), A,,* can be calculated as follows:

YA Ty (28)

Using equations (27) and (28), the local cumulative LLR
Ltnkk can be approximated at {t*} using the following
equation:

RS " FA=E, b A

Fook_s
L =3, " (29)

In accordance Wlth some embodiments, {L, } can be a
continuous process with continuous paths. And L k can be
equal to L, # when the local incremental LLR A, * is equal to
one]:t of the two thresholds +A at the random time instants
it}

In some embodiments, at time instant t, hardware proces-
sor 330 can calculate a combined running LR using the
following equation:

EzZEIF1Kizk:A21F1K2n:znksrbnk- (30)

Alternatively or additionally, hardware processor 330 can
compute a combined running LLR recursively using the
following equation:

L. =L, +b.A, (31)

where t, denotes the nth communication instant of the fusion
center with any secondary user; and b,, denotes the bit
value(s) received at time instant t,,. In some embodiments, at
a particular time instant, fusion center 300 can receive more
than one bit from multiple secondary users simultaneously.
It can then process each bit separately following any random
or fixed ordering of the secondary users.

In some embodiments, fusion center 300 can determine
whether it should decide between the two hypotheses H,, and
H; or receive more bit streams from one or more secondary
users. For example, hardware processor 330 can make the
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determination using a sequential test. More particularly, for
example, the sequential test can include a pair (8,0¢), which
can be defined as:

(32
S=pN= inf{n > O:Ln ¢ (—B A

where § counts in physical time units and N counts in
number of messages transmitted from the secondary users to
the fusion center. In some embodiments, thresholds A and B
can be selected through simulations so that the sequential
test satisfies the two constrains defined in (14).

For example, as illustrated in FIG. 5, at 530, fusion center
300 can determine whether Lt is within interval (—E,A). For
example, hardware processor 330 can compare the com-
bined running LLR L with two threshold -B and A and
determine whether L is between the two thresholds. In
response to deterrmmng that L is within the interval (-B,A),
hardware processor 330 can increment the time index n and
process 500 can loop back to 510.

Alternatively, in response to determining that [, is not
within the interval (- B A) hardware processor 330 can
determine whether [, is greater than or equal to threshold A
or less than or equal to threshold -B at 550. In response to
determining that Lt is greater than or equal to threshold A,
hardware processor 330 can determine that a signal of
interest is present at 560. Alternatively, in response to
determining that [, is less than or equal to —B, hardware
processor 330 can determine that a signal of interest is
absent at 570.

Next, at 580, fusion center 300 can inform all secondary
users about the combined decision on the presence of the
signal of interest through transceiver 320 and antennas 310.

It should be understood that some of the above steps of the
flow diagram of FIG. 5 can be executed or performed in an
order or sequence other than the order and sequence shown
and described in the figure. Also some of the above steps of
the flow diagram of FIG. 5 may be executed or performed
well in advance of other steps, or may be executed or
performed substantially simultaneously or in parallel to
reduce latency and processing times.

Turning to FIG. 6, a flowchart of an example of a process
for detecting a signal of interest using a randomized level-
triggered sequential probability ratio test (SPRT) in accor-
dance with some embodiments is shown. In some embodi-
ments, process 600 can be implemented by a secondary user
shown in FIGS. 1 and 2.

Process 600 can begin by receiving a signal containing
information about the presence of a signal of interest at 610.
Step 610 can be performed in substantially the same manner
as step 410 of FIG. 4. Process 600 can then be advanced to
620 and 630, which can be performed in substantially the
same manner as 420 and 430 of FIG. 4, respectively.

At 640, secondary user 200 can determine whether A" is
within the interval (-A, A). In response to determining that
A, F is within the interval (-A, A), hardware processor 230
can increment the time index n at 650, and then loop back
to 610.

Alternatively, in response to determining that A, is not
within the interval (-A, A), hardware processor 230 can
calculate a bit value b,* which can represent whether the
incremental LLR A, * overshoots the upper threshold A or
undershoots the lower threshold -A. Hardware processor
230 can also calculate a difference value g,* which can
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correspond to the absolute value of the overshoot or under-
shoot. For example, hardware processor 230 can calculate
q,” using the following equation:

q,5% I FI-A. (33)

As described above in connection with FIG. 4, hardware
processor 230 can calculate a bit value b,* based on com-
parison of A,* and *A. More particularly, for example, b,*
can be equal to +1 when hardware processor 230 determines
that A% is equal to or greater than the upper boundary A.
Altematlvely, b,* can be equal to -1 when hardware pro-
cessor 230 determines that A,F is equal to or less than the
lower boundary -A. Altematively, hardware processor 230
can calculate a bit value b, using equation (24) as described
above.

At 670 secondary user 200 can quantlze the difference
value q,, and obtain a quantlzed value g,*. In some embodi-
ments, the difference value q,* cannot exceed the absolute
value of the last observed LLR increment IL, kk |. The LLR of
each observation can be uniformly bound across time and
secondary users. For the purpose of illustration, it can be
assumed that |1%1<®<oo for all t, k in equation (17) Based
on equatlon (33) it can be concluded that q,*sl1*l and
0=q,<®. In some embodiments, hardware processor 230
can divide the interval [0, ®) uniformly into t subintervals

[} . B [}
[m-1),m—,m=1,... ,7 Forgq,e[m-1),m—,
7 F

hardware processor 230 can quantize q,* either with the
lower or the upper end of the subinterval by selecting
randomly between the two values. More particularly, for
example, hardware processor 230 can compute g,* based on
the following randomized quantization rule:

g = 34)
F ¢
o el
—— |, with probability p = s
] ;
1- exp(—;)
. ofe-[4)-
ﬂ% + 1]— with probability 1 — p = 7
exp(;) -1

In some embodiments, the quantized value §,” as defined
in equation (34) may have the following property:

. (35)

E[eh 0 | b, gb] < eth0rh) = ¢

where, E[¢] denotes the expectation with respect to the
randomization probabilities.

In some embodiments, for a given q,*, the quantized value
§,* can take the values defined in equation (34) with prob-
abilities p and 1-p respectively. For the purpose of illustra-
tion, the common length of the subintervals can be defined
as
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In accordance with some embodiments, it can be assumed
that (m l)E<qn <m&, m=1, ., . Thus, the quantized
value §,* can take the two end Values with probabilities p
and 1-p respectively.
In some embodiments, the value of p can be selected by
solving the following inequality:
pestt T8 (1_ g (aimE gebif ran (36)

In some embodiments, b,* can be a sign bit. Thus,

inequality (36) can be written as follows:
pe=mDEL(1-p)eEs ot 37
from which, we can conclude:
(38)

) e—me""e _ e—q’,‘L e"E _ o
= Mmirx -
4 emé — p-(m-DE’ pmé _ pm-1)é

In some embodiments, the second ratio in equation (38) is
smaller than the first ratio. The secondary user can define p
to have the value of the second ratio, i.e.,

me _ gk

e —€

eme _ gm-1&’

In some embodiments the approximation in the incre-
mental LLR L, *~I,, *can induce an equivalent approxima-
tion for the increment LLR exp(L, ] kL, A) The value of p
can be selected so that the 1ncrementa1 LLR, in average
(over the randomization), does not exceed the exact incre-
mental LLR. Alternatively, the value of p can be selected so
that the average of the approximation of the incremental
LLR matches the exact LLR value.

At 680, secondary user 200 can transmit the bit value b *
and the quantized value §,* to fusion center 130 through
transceiver 220 and antennas 210. For example, secondary
user 200 can transmit a pair {b,* ,qt “l at a sequence of
random times {t,*}. As described above in connection with
FIG. 4, {t*} can be defined by equation (24) or equation
(25). In some embodiments, secondary user 200 can transmit
a quantized value §,* when g, is into one of the  subin-
tervals. More particularly, for example, secondary user 200
can transmit r+1 different messages corresponding to the
values

In some embodiments, secondary user 200 can combine the
#+1 messages with the bit value b,*. For example, secondary
user 200 can transmit a total of 2(¢f+1) possible messages.
In a more particular example, secondary user 200 can
transmit the bit value b,” and the quantized value §,” using
log, 2(f+1)=1+ log, t+1 bits. In some embodiments, the
fusion center can have the list of all 2(t+1) quantized values
and secondary user 200 can transmit only an index value.
Next, at 690, secondary user 200 can determine whether
a combined decision on the presence of the signal of interest
has been received from the fusion center. In response to
determining that a combined decision has not been received
from the fusion center, secondary user 200 can increment the
time index n at 650, and then loop back to 610. Alternatively,
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in response to determining that a combined decision has
been received from the fusion center, process 600 can end.

It should be understood that some of the above steps of the
flow diagram of FIG. 6 can be executed or performed in an
order or sequence other than the order and sequence shown
and described in the figure. Also some of the above steps of
the flow diagram of FIG. 6 may be executed or performed
well in advance of other steps, or may be executed or
performed substantially simultaneously or in parallel to
reduce latency and processing times.

Turning to FIG. 7, a flow chart of an example of a process
for determining the presence of a signal of interest using a
randomized level-triggered sequential probability ratio test
in accordance with some embodiments of the disclosed
subject matter is shown. In some embodiments, process 700
can be implemented by a fusion center as illustrated in FIGS.
1 and 3.

Process 700 can begin by receiving bit streams {b,*.q, “},
from one or more secondary users. For example, fusion
center 130 can asynchronously receive bit streams {b %
q,*}, from K multiple secondary users through antennas 310
and transceiver 320. In some embodiments, at a particular
time instant, fusion center 300 can receive multiple bit
streams {b,%.q,*}, from nultiple secondary users.

Next, at 720: fusion center 300 can calculate a combined
running LLR. For example, hardware processor 330 can
calculate a combined running LLR based on bit value b,*
and quantized value qtk In some embodiments, equation
(31) can be converted into A b, (A+q,f) Thus, hardware
processor 330 can approximate A as 7» using the following
equation:

R F=b F(A+4,5).

Hardware processor 330 can also calculate a combined
running LLR using the following equation:

G4

L #=L, #+bf(A+4,)). (35)

In some embodiments, at time instant t,,, fusion center 300
can receive information (b,,q,) from multiple secondary
users. Fusion center 300 can then calculate a combined
running LLR using the following equations:

L =L

-1

+b,(A+§,). (36)

In some embodiments, hardware processor 330 can hold
the value of the combined running LLLR constant until it
receives new bit streams from one or more secondary users.

At 730, fusion center 300 can determine whether L
within the interval (- B A) In response to determining that
I:t is within interval (-B,A), hardware processor 330 can
increment the time index n at 740, and then loop back to 710.
Fusion center 300 can receive new bit streams from one or
more secondary users at 710.

Alternatively, in response to determining that Lt is not
within interval (- B,A), hardware processor 330 can deter-
mine whether Lt is greater than or equal to threshold Aor
less than or equal to =B at 750. In response to determining
that I, is greater than or equal to threshold A, hardware
processor 330 can determine that a signal of interest is
Eresent at 760. Alternatively, in response to determining that

L, is less than or equal to -B, hardware processor 330 can
determine that a signal of interest is absent at 770.

Next, at 780, fusion center 300 can inform all secondary
users about the combined decision on the presence of the
signal of interest through transceiver 320 and antennas 310.

It should be understood that some of the above steps of the
flow diagram of FIG. 7 can be executed or performed in an
order or sequence other than the order and sequence shown
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and described in the figure. Also some of the above steps of
the flow diagram of FIG. 7 may be executed or performed
well in advance of other steps, or may be executed or
performed substantially simultaneously or in parallel to
reduce latency and processing times.

Although FIGS. 5-7 are described herein in connection
with a symmetric interval (A, -A), this is only illustrative.
For example, the symmetric interval can be replaced with
any suitable interval. In a more particular example, instead
of using (A, —A), the kth secondary user can use (-A,*, A,)
to detect a signal of interest, where A%, A,*>0 and A, “=A".
In some embodiments, K secondary users can use different
thresholds {A*} to define the interval, where i=1, 2, and
k=1, . . ., K. Thus, the fusion center can determine a
combined running LLR based on multiple thresholds {A}
received from the secondary users.

In some embodiments, any suitable computer readable
media can be used for storing instructions for performing the
processes described herein. For example, in some embodi-
ments, computer readable media can be transitory or non-
transitory. For example, non-transitory computer readable
media can include media such as magnetic media (such as
hard disks, floppy disks, etc.), optical media (such as com-
pact discs, digital video discs, Blu-ray discs, etc.), semicon-
ductor media (such as flash memory, electrically program-
mable read only memory (EPROM), electrically erasable
programmable read only memory (EEPROM), etc.), any
suitable media that is not fleeting or devoid of any sem-
blance of permanence during transmission, and/or any suit-
able tangible media. As another example, transitory com-
puter readable media can include signals on networks, in
wires, conductors, optical fibers, circuits, any suitable media
that is fleeting and devoid of any semblance of permanence
during transmission, and/or any suitable intangible media.

Although the invention has been described and illustrated
in the foregoing illustrative embodiments, it is understood
that the present disclosure has been made only by way of
example, and that numerous changes in the details of
embodiment of the invention can be made without departing
from the spirit and scope of the invention, which is only
limited by the claims which follow. Features of the disclosed
embodiments can be combined and rearranged in various
ways.

What is claimed is:
1. A system for determining whether a signal of interest is
present, comprising:
at least one hardware processor that is configured to:
receive at least one bit value containing information
about whether the signal of interest is present from at
least one transmitter, wherein the at least one bit
value is transmitted from the at least one transmitter
at a set of random time instances, wherein the at least
one bit value is calculated without performing quan-
tization, and wherein the set of random time
instances are determined by performing a sequential
probability ratio test that comprises:
calculating a local incremental log-likelihood ratio
based on a signal containing information about the
presence of the signal of interest; and
determining whether the local incremental log-like-
lihood ratio is within a second predetermined
range;
receive at least one quantized value containing infor-
mation about whether the local incremental log-
likelihood ratio is within the second predetermined
range;
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calculate a combined log-likelihood ratio based at least
in part on the at least one bit value; and

determine whether the signal of interest is present
based at least in part on the combined log-likelihood
ratio.

2. The system of claim 1, wherein the at least one
hardware processor is further configured to determine
whether the combined log-likelihood ratio is within a first
predetermined range.

3. The system of claim 1, wherein the at least one
hardware processor is further configured to calculate a
combined log-likelihood ratio based on the at least one bit
value and the at least one quantized value.

4. A method for determining whether a signal of interest
is present, the method comprising:

receiving at least one bit value containing information

about whether the signal of interest is present from at
least one transmitter, wherein the at least one bit value
is transmitted from the at least one transmitter at a set
of random time instances, wherein the at least one bit
value is calculated without performing quantization,
and wherein the set of random time instances are
determined by performing a sequential probability ratio
test that comprises:
calculating a local incremental log-likelihood ratio
based on a signal containing information about the
presence of the signal of interest; and
determining whether the local incremental log-likeli-
hood ratio is within a second predetermined range;
receiving at least one quantized value containing infor-
mation about whether the local incremental log-likeli-
hood ratio is within the second predetermined range;
calculating, using a hardware processor, a combined log-
likelihood ratio based at least in part on the at least one
bit value; and

determining whether the signal of interest is present based

at least in part on the combined log-likelihood ratio.

5. The method of claim 4, further comprising determining
whether the combined log-likelihood ratio is within a first
predetermined range.

6. The method of claim 4, further comprising calculating
a combined log-likelihood ratio based on the at least one bit
value and the at least one quantized value.

7. Anon-transitory computer-readable medium containing
computer-executable instructions that, when executed by a
processor, cause the processor to perform a method for
determining whether a signal of interest is present, the
method comprising:

receiving at least one bit value containing information

about whether the signal of interest is present from at
least one transmitter, wherein the at least one bit value
is transmitted from the at least one transmitter at a set
of random time instances, wherein the at least one bit
value is calculated without performing quantization,
and wherein the set of random time instances are
determined by performing a sequential probability ratio
test that comprises:
calculating a local incremental log-likelihood ratio
based on a signal containing information about the
presence of the signal of interest; and
determining whether the local incremental log-likeli-
hood ratio is within a second predetermined range;
receiving at least one quantized value containing infor-
mation about whether the local incremental log-likeli-
hood ratio is within the second predetermined range;
calculating a combined log-likelihood ratio based at least
in part on the at least one bit value; and

10

15

20

25

30

35

40

45

50

55

60

65

20

determining whether the signal of interest is present based

at least in part on the combined log-likelihood ratio.

8. The non-transitory computer-readable medium of claim
7, wherein the method further comprises determining
whether the combined log-likelihood ratio is within a first
predetermined range.

9. The non-transitory computer-readable medium of claim
7, wherein the method further comprises calculating a com-
bined log-likelihood ratio based on the at least one bit value
and the at least one quantized value.

10. A system for determining whether a signal of interest
is present, comprising:

at least one hardware processor that is configured to:

receive a plurality of bit values containing information
about whether the signal of interest is present from a
plurality of transmitters, wherein each of the plural-
ity of bit values is transmitted from one of the
plurality of transmitters at a random time instance,
and wherein each of the plurality of bit values is
calculated without performing quantization;

calculate a combined log-likelihood ratio based at least
in part on the plurality of bit values; and

determine whether the signal of interest is present
based at least in part on the combined log-likelihood
ratio.

11. The system of claim 10, wherein the at least one
hardware processor is further configured to determine
whether the combined log-likelihood ratio is within a first
predetermined range.

12. The system of claim 10, wherein each random time
instance is determined by performing a sequential probabil-
ity ratio test.

13. The system of claim 12, wherein performing the
sequential probability ratio test comprises:

calculating a local incremental log-likelihood ratio based

on a signal containing information about the presence
of the signal of interest; and

determining whether the local incremental log-likelihood

ratio is within a second predetermined range.

14. The system of claim 13, wherein the at least one
hardware processor is further configured to receive at least
one quantized value containing information about whether
the local incremental log-likelihood ratio is within the
second predetermined range.

15. The system of claim 14, wherein the at least one
hardware processor is further configured to calculate a
combined log-likelihood ratio based on the plurality of bit
values and the at least one quantized value.

16. A method for determining whether a signal of interest
is present, the method comprising:

receiving a plurality of bit values containing information

about whether the signal of interest is present from a
plurality of transmitters, wherein each of the plurality
of bit values is transmitted from one of the plurality of
transmitters at a random time instance, and wherein
each of the plurality of bit values is calculated without
performing quantization;

calculating, using a hardware processor, a combined log-

likelihood ratio based at least in part on the plurality of
bit values; and

determining whether the signal of interest is present based

at least in part on the combined log-likelihood ratio.

17. The method of claim 16, further comprising deter-
mining whether the combined log-likelihood ratio is within
a first predetermined range.
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18. The method of claim 16, wherein the set of random
time instances are determined by performing a sequential
probability ratio test.

19. The method of claim 18, wherein performing the
sequential probability ratio test comprises:

calculating a local incremental log-likelihood ratio based

on a signal containing information about the presence
of the signal of interest; and

determining whether the local incremental log-likelihood

ratio is within a second predetermined range.

20. The method of claim 19, further comprising receiving
at least one quantized value containing information about
whether the local incremental log-likelihood ratio is within
the second predetermined range.

21. The method of claim 20, further comprising calculat-
ing a combined log-likelihood ratio based on the plurality of
bit values and the at least one quantized value.

22. A non-transitory computer-readable medium contain-
ing computer-executable instructions that, when executed by
a processor, cause the processor to perform a method for
determining whether a signal of interest is present, the
method comprising:

receiving a plurality of bit values containing information

about whether the signal of interest is present from a
plurality of transmitters, wherein each of the plurality
of bit values is transmitted from one of the plurality of
transmitters at a random time instance, and wherein
each of the plurality of bit values is calculated without
performing quantization;
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calculating a combined log-likelihood ratio based at least

in part on the plurality of bit values; and

determining whether the signal of interest is present based

at least in part on the combined log-likelihood ratio.

23. The non-transitory computer-readable medium of
claim 22, wherein the method further comprises determining
whether the combined log-likelihood ratio is within a first
predetermined range.

24. The non-transitory computer-readable medium of
claim 22, wherein the set of random time instances are
determined by performing a sequential probability ratio test.

25. The non-transitory computer-readable medium of
claim 24, wherein performing the sequential probability
ratio test comprises:

calculating a local incremental log-likelihood ratio based

on a signal containing information about the presence
of the signal of interest; and

determining whether the local incremental log-likelihood

ratio is within a second predetermined range.

26. The non-transitory computer-readable medium of
claim 25, wherein the method further comprises receiving at
least one quantized value containing information about
whether the local incremental log-likelihood ratio is within
the second predetermined range.

27. The non-transitory computer-readable medium of
claim 26, wherein the method further comprises calculating
a combined log-likelihood ratio based on the plurality of bit
values and the at least one quantized value.
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